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Preferential heating of light ions during an ionospheric Ar' 
injection experiment 

C. J. Pollock,' M. 0. Chandler,' T. E. Moore,' R. L. Arnoldy? P. M. Ki~~ tne r ,~  
S. Che~ney,~  and L. J. Cahill Jr.4 

Abstract. The Argon Release for Controlled Studies (ARCS) 4 sounding rocket was 
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launched northward into high altitude from Poker Flat Research Range on February 23, 
1990. The vehicle crossed geomagnetic field lines containing discrete auroral activity. An 
instrumented subpayload released 100 eV and 200 eV Ar+ ion beams sequentially, in a 
direction largely perpendicular to both the local geomagnetic field and the subpayload spin 
axis. The instrumented main payload was separated along field lines from the beam- 
emitting subpayload by a distance which increased at a steady rate of -2.4 m s-'. Three- - ' . 
dimensional mass spectrometric ion observations of ambient H+ and O+ ions, obtained on 
board the main payload, are presented. Main payload electric field observations in the 
frequency range 0- 16 kHz, are also presented. These observations are presented to demon- 
strate the operation of transverse ion acceleration, which was differential with respect to ion 
mass, primarily during 1 00-eV beam operations. The preferential transverse acceleration of 
ambient H+ ions, as compared with ambient O+ ions, during the second, third, fourth, and 
fifth 100-eV beam operations, is attributed to a resonance among the injected Ar+ ions, 
beam-generated lower hybrid waves, and H+ ions in the tail of the ambient thermal distribu- 
tion. This work provides experimental support of processes predicted by previously 
published theory and simulations. 
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Introduction In the Argon Release for Controlled Studies (ARCS) pro- 
gram, we have sought to make progress in understanding 
space plasma wave-particle interactions and charged particle 
acceleration processes through the use of controlled argon ion 
beam injections from suborbital rocket platforms. In each but 
the first of these four flights, a separated subpayload has 
housed one or more ion beam generators (ARCS-] was com- 

These beam generators operate under program control as the 

local geomagnetic field lines. Plasma diagnostics have been 

Large outward ion plasma flows from the low-altitude iono- 
sphere into the near-Earth space provide much of the plasma 
which populates the Earth's magnetosphere. In the case of the 
heavy ions, these flows are not predicted by cold hydrody- 
namic models, such as the polar wind models of Bankrand 
Holzer [ 19691. Large-scale acceleration of heavy ions from 

(fraction of an eV) to escape energy (-10 eV, in the case of 

T~~~~~~~~~ ion acceleration (TIA) in the topside ionosphere, 

energies characteristic of ionospheric plasma temperatures posed Of an payload with no subpayload)' 

O+) is required to account for observed heavy ion outflows. subpayload and main payload move and 

followed by outward acceleration under the influence of the 
mirror effect in the diverging high-latitude geomagnetic field 

obtained locally on the emitting subpayload and at locations 
remote from the injection site (subpayload) using main 

geometry, occurs commonly at auroral latitudes. payload instruments. 
Determination of the precise mechanisms responsible for this Injection of the ion beam from the subpayload provides a 

I TIA has been the focus of a large body of research since early known momentum and energy Source for the local plasma. The 
beam is inherently spatially localized and diverges from the 
injection point as it gyrates about the local geomagnetic field. 
There are large gradients in the beam density and flux, partic- 
ularly in the direction transverse to the beam velocity, 
although also along the beam path. The beam density and 
gradients are largest near the emitting payload. 

Transverse injection of the heavy ion beam is expected to 
produce local electric fields and currents in the background 
plasma. Steady state emission of ions from the beam payload 

by electron emission or by absorption of ambient ions. Emitted 
electrons will be more strongly magnetized than beam ions 
due to their much smaller mass. These electrons cannot prop- 
agate across field lines with the ions in the absence of a polar- 
ization electric field oriented perpendicular to both the beam 
velocity and the local magnetic field. If such an electric field 

in situ 
by Sharp et al. [19771 and Klumpar [ 19791. 

of topside ionospheric TIA were reported 
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is not established, emitted electrons are constrained to flow 
away from the beam payload along magnetic field lines. In 
this case, the ion beam itself is neutralized by weak electron 
currents flowing along magnetic field lines connected to the 
beam, and the emitting payload is neutralized by rather 
intense electron currents flowing along field lines connected 
to the immediate vicinity of the beam payload. 

These macroscopic effects, as well as microscopic pro- 
cesses, such as resonant interactions between beam ions and 
background ions, have the potential to significantly modify the 
emitted beam distribution and the ambient plasma distribu- 
tions. In this paper we will focus on the observation of interac- 
tions between the beam Ar+ ions and ions in the background 
plasma. These interactions are mediated by oscillating elec - 
tric fields within the background plasma. In the case of the 
ARCS-4, these interactions fall into several categories. Close 
to the beam-emitting payload, a strong interaction between 
the background plasma and the 100-eV beam was observed to 
produce extensive modification of the distributions of all 
observed ambient ion species. At intermediate distances from 
the beam payload, the interaction was weaker and only the 
background H+ ions were significantly modified, being heated 
in the direction transverse to B, primarily during 100-eV injec- 
tions. At intermediate distances, 200-eV injections produced 
only slight modification of the H+ and had no measurable 
effect on the O+. At large distances from the emitting payload, 
no significant modifications of the ambient plasma distribu- 
tions were observed. We will attempt to place these observa- 
tions and corresponding plasma wave observations in context 
with the works of Scales and Kintner [1990a, b], in which 
interactions between a heavy ion beam and the ionospheric 
plasma were studied using linear Vlasov theory and particle in 
cell (PIC) simulations. 

Previous Related Work 
Several important ion beam injection experiments have 

been conducted using sounding rockets. The first major exper - 
imental effort was the Porcupine project [ Huerendel and 
Sagdeev, 1981; Hausler et al., 19861, conducted in 1979. This 
experiment featured a 200-eV Xe+ (mlq-130) beam emitted 
across field lines from a spinning subpayload which was sepa- 
rated across magnetic field lines from the main payload and 
other instrumented subpayloads. During this experiment, 
plasma wave emissions at frequencies near multiples of the 
local H+ gyro frequency were observed [Jones, 1981; Kintner 
and Kelley, 19811. These were interpreted as Bemstein mode 
emissions due to a resonant interaction between the emitted 
Xe+ ions and local hydrogen ions traveling near the same 
speed. Only limited charged particle observations were avail- 
able from Porcupine and the question of ambient thermal ion 
heating was not addressed, although those experimenters did 
conclude that ambient electron heating to energies up to 20 
eV was induced by the injected Xe+ beam. 

The ARCS series of experiments have all used injection of 
Ar+ions (mlq-40) into the topside ionospheric plasma. All 
but the first of these missions (ARCS-1) have featured a 
separable subpayload which housed one or more Ar+ beam 
generators. The subpayloads were ejected generally along 
(either up or down) magnetic field lines from the instrumented 
main payload. In each of these cases, the subpayload carried a 
minor complement of instruments, while the main payload 
was more fully instrumented. 

In each of the three previous ARCS experiments, a variety 
of plasma wave emissions were observed in response to the in- 
jected ion beam. Reports of beam-induced plasma wave 
observations from ARCS-3 have been presented by Erlandson 
[1986] and Erlandson et al. [1987, 19891. Pollock [1987] and 
Pollock et al. [ 19881 have presented detailed ion observations 
obtained from the ARCS-3 mission, although no mass- 
discriminated measurements were available. The ARCS-3 ob- 
servations, obtained using a capped hemisphere imaging 
spectrometer and verified with octospheric ion energy analyz- 
ers, included a persistent population of 90" pitch angle ions, 
extending in energy from 5 eV to 60 eV, present when the 

ambient ions or degraded beam ions. 
To our knowledge, the most detailed theoretical studies of 

the stability of injected ion beams have been conducted by 
Scales and Kintner [1990a, b]. In the first of these companion 
papers [Scales and Kintner, 1990a1, the authors built on previ- 
ous work in providing a detailed picture of the development of 
several relevant linear instabilities, focusing on interactions 
between a heavy ion beam and a background plasma, typi- 
cally O+ dominated, with H+ as a minor species. They treated 
the lower hybrid instability in both the fluid and kinetic limits, 
defining a beam-plasma coupling parameter 

beam was on. It is not known whether these were energized \ 

i: 
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where O(HY,OY) is the ion species plasma frequency and vd 
and V b  are the beam drift and thermal velocities, respectively. 
Scales and Kintner demonstrated that for T~ > 1, corresponding 
to large fractional beam density and/or large beam drift to 
thermal velocity ratio, the beam-plasma coupling is strong. In 
this case, broadband waves are generated due to the dominant 
fluid lower hybrid instability, at frequencies extending up to 
the local lower hybrid frequency. For the case T~ < 1, the 
beam is weakly coupled to the plasma, and wave growth is 
due to the kinetic lower hybrid instability and is confined to 
frequencies near and just below the local lower hybrid 
frequency. 

The lower hybrid instabilities result from a treatment of the 
background ion plasma as unmagnetized (the heavy beam 
ions are typically considered unmagnetized). When including 
the effects of the geomagnetic field, gyro harmonic instabili- 
ties are shown to become important for T* < 1 and beam drift 
velocities of the order of the local ion thermal velocity. 
Specifically, they showed that for low beam densities and 
beam drift velocities up to several times the H+ thermal 
velocity, the H+ gyro harmonic instability dominates and pro- 
duces electrostatic emissions in bands typically located 
immediately below multiples of the H+ gyrofrequency. Here, 
Scales and Kintner [ 1990al have made contact with one of the 
more common spectral features observed in the beam injection 
experiments. 

In their second paper, Scales and Kintner [ 1990bl went on to 
study the nonlinear behavior of the beam-plasma systems by 
conducting PIC simulations. This study supported many of 
their conclusions based on the linear analysis. The simulation 
study also permitted investigation of the response of the back- 
ground plasma ions to the beam injection. They found that 
background transverse ion heating was the dominant wave 
growth saturation mechanism for the warm beams relevant to 
the rocket-borne beam experiments. The broadband lower 
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hybrid instability was primarily responsible for the simulated 
transverse ion heating. The background H+ was more exten- 
sively heated than the O+. This is due to the following: 

1. Since the simulation beam drift velocity was several 
times larger than the H+ thermal velocity, the resulting broad- 
band waves had phase velocities also larger than the H+ 
thermal velocity and were therefore more closely in resonance 
with H+ ions than the slower O+ ions. 

2. Since the (unmagnetized) trapping energy of the O+ is 
larger than that of the H+ by the ratio (mo+/mH+), larger 
amplitude waves were required to trap and energize the O+. 

Scales and Kintner [1990b] also observed simulated O+ 
heating; however, larger beam densities were required such 
that the coupling parameter T* was of the order of 1. The larger 
beam densities produced larger amplitude waves, capable of 
trapping the massive O+ ions. At the largest beam drift veloci- 
ties, neither the H+ nor O+ thermal velocities are large enough 
for the ions to resonate with beam-generated waves and 
neither species showed significant heating. They also observed 
modest parallel electron heating due to finite k,. 

ARCS4 Experiment 
ARCS-4 is the most recent of the ARCS series of iono- 

spheric ion beam injection experiments. It was launched from 
the Poker Flat Research Range on February 23, 1990, at 
073 125 GMT. The payload traveled northward toward an 
apogee of 614 km at 443 s elapsed time after launch (TAL). 
The ARCS-4 payloads passed over an intense auroral arc after 
apogee, near 580 s TAL, at altitudes near 540 km. 
Observations of the plasma environment associated with this 
auroral form will be reported elsewhere (T. E. Moore et al., 
Plasma heating and flow in an auroral ax,  submitted to 
Journal of Geophysical Research, 1994; hereafter referred to as 
Moore et al., submitted manuscript). The subpayload was 
separated from the main payload at 144 s TAL. It was 
deployed upward, along the magnetic field with a field- 
aligned speed of approximately 2.4 m s-' and cross-field speed 
of near 0.1 m s-' . The payloads and deployment geometry are 
illustrated in Figure I .  Plate la shows the altitude trajectory of 
the ARCS-4 payloads. 

The separated subpayload carried a single Ar+ beam gener- 
ator. This source emitted approximately 100 mA of Ar+ ions 
in a 60" cone centered on the direction perpendicular to the 
subpayload spin axis. Since this axis was nearly aligned with 
the magnetic field, the ion emissions were centered nearly 
perpendicular to B, providing a cross-field injection scenario. 
The gun was operated under program control. This sequence is 
illustrated in Plate 1 b. The typical sequence was gun-on (100 
eV), 12 s; gun-off, 10 s; gun-on (200 eV), 12 s; gun-off, 10 s. 

Note from Plate Ib that there were three significant devia- 
tions from the above sequence. The first gun firing com- 
menced near 162 s after launch and lasted for 20 s. Second, 
the gun program showed an anomaly near 421 s after launch. 
At that time, a 200-eV firing event (414-427 s) was in 
progress when the anode voltage changed from 200 volts to 
100 volts (see Plate Ib). The gun then turned off at 427 s, as 
planned, but the following beam event, scheduled to be 100 
eV, operated at 200 eV. From that time, the actual beam 
energies were reversed from those intended. Finally, the last 
three beam firings were all 200-eV events, whereas one of 
these (beginning near 710 s after launch) should have been at 
100 eV. It is also noted that the anode voltage measured dur- 
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Figure 1. Schematic illustration of the Argon Release for 
Controlled Studies ARCS-4 experiment and the relative 
geometry of the two payloads as they were separated in flight 
are shown. 

ing gun-off periods drifted upward during the flight. While this 
did not affect the operation of the gun, it may have affected 
the electrostatic environment of the subpayload. 

Ar' ions emitted by the gun were measured throughout the 
flight, using both the main payload-mounted superthermal ion 
composition spectrometer (STICS), and hemispheric electro- 
static energy and pitch angle spectrometer (HEEPS) sensors 
mounted on both payloads. Those measured at the subpayload 
using HEEPS-IO are shown in Plate IC. This plot shows the 
raw nonmass-discriminated ion count rate in energy-time 
greyscale spectrogram format. The beam ions exciting the 
response shown here have traversed at least one magnetic 
gyration between emission and detection. Their temporal 
signature and alternating maximum energies near 100 eV and 
200 eV reflect the ion gun operation as described above and 
shown in Plate Ib. Note the reduction in HEEPS thermal ion 
count rates at the subpayload when the gun fires. This may be 
due to positive subpayload charging. Kaufmann et al. [I9891 
discussed negative charging of the emitting payload due to the 
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inability of magnetized gun electrons to escape the payload. 
Possible positive charging of the ARCS-4 subpayload will be 
the subject of a future study. The ion observations shown in 
Plates Id-lg will be discussed below. 

The STICS instrument was used to acquire the mass- 
resolved positive ion data presented in this paper. A brief 
description of the STICS instrument is provided by Moore et 
al. (submitted manuscript). This instrument electrostatically 
sweeps polar angle (with respect to payload spin axis), energy 
per charge, and mass per charge (via electrostatic accelera- 
tion into a magnetic sector spectrometer) within nested pro- 
gram loops. The polar angle sweep provided coverage of k70° 
with respect to the vehicle spin axis and therefore approxi- 
mately 20"-160" in magnetic pitch angle, due to the near 
antialignment between the spin axis and the geomagnetic 
field. Polar angle, energy, and mass were swept in the inner, 
middle, and outermost program loops, respectively. On ARCS - 
4, the time required to execute a complete sweep sequence 
was 1.54 s. The third observational dimension (azimuthal 
angle) was obtained through spacecraft spin. In this way, a 
complete three-dimensional measurement of the species 
distribution function was acquired approximately every 12 s, 
which is the beat period between the 1.54 s voltage control 
loop and the 1.77 s payload spin. Analysis of the STICS ion 
data has been synchronized with the beam on-off cycle, so 
that the STICS data presented here are the result of acquisi- 
tion of three-dimensional velocity distributions, acquired over 
each of the ion gun-on or gun-off intervals, typically 10-12 s. 
For the shorter of these intervals, typically gun-on periods, the 
three-dimensional velocity space remains approximately 15% 
undersampled. 

Observations 
Flight Overview 

ARCS-4 wave and positive ion observations obtained 
aboard the main payload are presented on a flight summary 
basis and also for selected flight times and ion beam modes. 
As described above, accumulation of the STICS ion data has 
been synchronized with the beam-odbeam-off cycle, so that 
available mass resolved data are the result of acquisition of 
three-dimensional velocity distributions, averaged over indi - 
vidual ion gun-on or gun-off intervals. When presenting STICS 
flight summary data (as in Plates Id through Ig), the data are 
organized in this way, with one point in time for each distinct 
ion gun state. However, due to the undersampling described 
above and to improve statistics, when presenting distribution 
functions (as in Plates 2 and 3) or energy spectra (as in Figure 
2), STICS data from more than one like beam interval (100- 
eV, 200-eV, or off) spaced closely in time have been com- 
bined, as indicated in the figures and captions. 

Panels Id and I f  show energy-time spectrograms of the H+ 
and O+ count rates for the entire flight. The plotted values 
were obtained by collapsing the three-dimensional count rate 
distributions over the two angular coordinates. These two 
spectrograms show similar energy distributions throughout the 
flight for the two species. The peak in the count rates occurs 
in the range 1-2 eVlq. The decreasing count rate below the 
thermal peak may be attributed to a nonzero positive space- 
craft potential. The maximum O+ count rates peak on the 
upleg and downleg, and the maximum H+ rates peak near 
apogee, reflecting normal geophysical density trends with alti - 

tude for these two ion species. Near 600 s TAL, a broad 
energy enhancement is observed in both species, coincident 
with passage through a band of intense auroral activity. The 
ion heating observed within this event is the subject of another 
paper (Moore et al., submitted manuscript). 

The focus of this report is on the narrow bands of extended 
energy response seen in the H+ and 0' near 160 s TAL and in 
the H+ near 220, 270,315,360, and 405 s TAL. Each of these 
localized enhancements coincides with times that the ion gun 
was operating in the 100-eV mode on the subpayload, above 
(indicated by dashed vertical lines from the top to bottom of 
each panel in Plate 1). The enhancement near 160 s is due to 
the first 100-eV event when the two payloads were quite close 
to each other. The others occur at larger separation distances 
at which the beam plasma coupling is evidently not as strong. 
Note that these enhancements are only noticeable in the O+ 
during the first 100-eV event and fade out in the H+ after the 
fifth or sixth 100-eV event. They are not evident in either 
species when the gun is emitting 200 eV ions, with the 
exception of the first 200-eV event, near 200 s TAL. 

Detailed Positive Ion Observations 

Plates le  and Ig provide a more quantitative view of the 
ion heating produced by the beam. Here we present the paral- 
lel and perpendicular temperatures of the H+ (Plate le) and 
O+ (Plate Ig) as functions of time throughout the flight. These 
temperatures are derived as integral moments over the three- 
dimensional velocity distribution of each species, as measured 
by STICS. It is noted that the measured background ion 
perpendicular temperatures are typically larger by a factor of 
2-3 than the corresponding parallel temperatures. except at 
the lower altitudes. It may be that the increase in parallel 
temperatures with decreasing altitude and the persistent 
temperature anisotropy in both species are analysis artifacts, 
arising in part from an interaction between the effects of 
spacecraft ram and instrument blind spots near the field- 
aligned and antifield-aligned directions (note that these 
moments have been computed without any attempt to model 
the unsampled phase space densities within the instrument 
blind spots). These effects will be the subjects of future study. 
The effect of the aurora on the ion temperatures is evident 
near 600 s TAL. 

The vertical lines in Plate 1 indicate times that the subpay- 
load plasma gun was firing in the 100-eV mode. Attention is 
directed to the series of enhancements (by -factor of 2) in the 
perpendicular H+ ion temperature, at times when the 100-eV 
ion beam was on during the first through fourth 100-eV firings, 
in particular. There are also enhancements in the H+ perpen- 
dicular temperature when the 200-eV beam was on, but these 
are more modest, except for the first 200-eV event (near 200 s 
TAL) when the two payloads were still quite close together 
and the H+ perpendicular temperature increased to 0.9 eV. By 
contrast, with the exception of the first 100-eV beam event, 
the O+ temperature shows no significant sensitivity to the 
operation of the beam. The first 100-eV beam event is differ- 
ent from the rest. More extreme H+ heating is observed in this 
case, and the O+ is seen to undergo even more intense per- 
pendicular heating than the H+, reaching a bulk temperature of 
3 eV! 

As mentioned above, the temperatures presented in Plate 1 
were obtained through integration of the measured species 
three-dimensional velocity distributions. Color-coded, hw 
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Plate 2. Three-dimensional representations of the H+ velocity distribution for (a-b) gun-off and (c-d) 100-  
eV, gun-on periods during the ARCS-4 flight. Each pair results from averaging the data from several like 
intervals. The gun-off data are from gun-off intervals following the second 200-eV. third 100-eV, and third 
2WeV events. The 100-eV gun-on data are from the third and fourth 100-eV events. Each data point is 
represented by a color-coded value of the conventional phase space density, arrayed in two panels repre- 
senting cuts through the full velocity distribution (left) in the plane perpendicular to the local magnetic 
field and (right) in a plane containing the local magnetic field. The azimuth of the cut in the right-hand 
panels is chosen so as to cut through the maximum of the velocity distribution. The light, medium, and 
heavy cross hairs show the location of the Earth, spacecraft, and plasma frames of reference, respectively. 

dimensional cuts of the three-dimensional H+ and O+ distribu- 
tions functions are presented in Plates 2 and 3, respectively. 
The format for these data displays is the same for both plates. 
The top panels show data obtained when the Ar+ beam was 
off. The bottom panels show data obtained when the beam was 
firing in the 100-eV mode. On the left in Plates 2 and 3 are 
shown azimuthal ion distributions, with B (downward) 
directed out of the page, while on the right, the values of the 
distribution near the x-z plane (containing both spacecraft 
velocity and geomagnetic field) are shown. Values of the dis- 
tribution function are coded as indicated in the color bar at the 
right. Each cut results from averaging the measurements from 
several three-dimensional distributions together in order to 
maximize data coverage and improve the statistics. These 
periods have been indicated on the displays and in the figure 
captions. Regions of missing data near the magnetic field 

directions are due to limitations on the electrostatic sweep of ! 
I 

the instrument look direction. We don't fully understand the 
presence of zero valued data at small H+ speeds. This could 
be associated with our estimates of spacecraft potential 
(-0.7 V and -0.8 V for the gun-off and gun-on periods shown), 
which were based primarily on the 0' data. The views of the 
distributions provided in Plates 2 and 3 represent the most 
complete information presentable, regarding the observed ion 
distributions. The H+ ions of Plate 2 show heating when the 
100-eV beam is on (Plates 2c and 2d), as compared to the 
ambient state (Plates 2a and 2b). Further, it is clear that this 
heating is in the transverse (to B) direction. By contrast, the 
O+ data shown in Plate 3 show no significant difference 
between the gun-on and gun-off data. 

In Figure 2, three-dimensional data arrays for the two 
species have been collapsed into a single dimension to 
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display the species energy spectra. In this case, we have com- 
bined 90' pitch angle ions with the two neighboring pitch 
angles (centered near 78' and 102') and included all mag- 
netic azimuth angles for several sets of experimental condi- 
tions. Here the one-dimensional ( Vm) O+ and H+ distribution 
functions measured when the beam was on (filled symbols) 
during the first firing of the 1OO-eV Ar' beam (Figure 2a), the 
third and fourth 100-eV beam firings (Figure 2b), and the 
second and third 200-eV beam firings (Figure 2c) are dis- 
played for comparison alongside those obtained when the 
beam was off (unfilled symbols). The beam-off data are the 
same in all three panels and were acquired by averaging 
measurements made during gun-off intervals following the 
second 200-eV, third 100-eV, and third 200-eV events. The 
effect on the ambient distribution functions of firing the Ar+ 
beam is strongest during the first 100-eV beam event (Figure 
2a), when the instrument payload was closest to the beam- 
emitting subpayload. In this case, the distribution functions for 
both species are grossly modified with decreased amplitude 
and markedly broader extent in V m ,  indicative of intense 
perpendicular bulk heating. In subsequent 1 00-eV beam 
firings, as shown in Figure 2b, the effect of the beam on the 
distributions is less extreme, although clear transverse heating 
of the H+ is present. The O+ is basically unaffected by the 
100-eV beam at these intermediate separations between the 

beam payload and the observation point. Finally, Figure 2c 
shows that at intermediate distances from the beam payload, 
the 200-eV beam has only a minimal effect on the H+ 
distributions, with a slight enhancement of perpendicular 
velocities and, again, no measurable effect on the O+ ions. At 
even larger separations from the injection point the effect of 
gun operations at either 100-eV or 200-eV upon the ambient 
ion distributions is minimal or nonexistent. Inspection of Plate 
1 reveals that after 400 s TAL, corresponding to parallel and 
perpendicular payload separations of 600 m and 25 m, 
respectively, no significant effect of the beam upon the 
measured ion temperatures was present. 

Electric Fields 

Measurements of electric fields were obtained during the 
ARCS-4 experiment, on board both the main and subpayloads. 
Low-frequency ac electric field observations obtained onboard 
the subpayload have been reported by Cuhilf et ul. [ 19931. Here 
we will present main payload observations obtained using the 
Cornel1 University instrumentation and comment on the 
observations of Cahill et al., as seems relevant. 

Grey-scale frequency-time spectrograms of electric field 
fluctuations observed during four intervals during the flight are 
presented in Figure 3. The measurements shown in Figures 3 
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Figure 2. H+ (circles) and O+ (squares) ion phase space 
densities plotted versus Vperp for beam-on (filled symbols) and 
beam-off (unfilled symbols) are displayed in each panel. The 
beam-off data are identical in each panel and represent an 
average of data obtained during intervals following the second 
200-eV, third 100-eV, and third 200-eV events. The beam-on 
data are from (a) the first 100-eV beam event, (b) the third 
and fourth 100-eV beam events, and (c) the second and third 
200-eV beam events. 

and 4 have not been scaled to account for the operation of the 
automatic gain control and are therefore presented in relative 
units. These data were obtained using the Cornell University 
5.5-m Weitzmann boom antennas, deployed transverse to the 
main payload spin axis and therefore transverse to the geo- 
magnetic field. The intervals shown include a portion of the 
first 100-eV beam event (Figure 3a), the second 200-eV event 
(Figure 3b), a beam-off period between the second 2OOeV 
event and the third 100-eV event (Figure 3c), and the third 

100-eV event (Figure 3d). In each case, time is plotted along 
the abscissa, frequency (0-16 kHz) along the ordinate, and 
the relative power spectral density is colored in grey scale as 
indicated by the bar at the bottom. Figure 3 illustrates that the 
electric field environment is stongly modified by the beam in 
a way which depends upon proximity to the beam source, the 
beam energy, and other factors, not well understood. The peri- 
odic modulation of the wave power evident in Figures 3a, 3b, 
and 3d is at twice the rocket spin frequency, indicating it is 
due to alignment of the double probe antenna, rather than to a 
lighthouse effect as the beam sweeps with subpayload spin. 
Sudden changes in the wave spectra, such as that near 271 s 
TAL when power near 850 Hz and harmonics of that frequency 
appears, are notable features of the ARCS-4 wave observa- 
tions and remain unexplained. Similar variability in the wave 
spectra was reported by Cahilf et af. [1993]. 

In Figure 4 we show four electric field wave power spectra 
sampled from the intervals shown in Figure 3, at the times 
indicated. The features shown in these spectra are commonly 
observed during the first half of the flight, when beam-induced 
modifications of the ambient plasma were most evident at the 
main payload. The plotted points in Figure 4 are the actual 
512 point fast Fourier transform (FFT) data, while the line is 
the result of applying a five-point smoothing function. In each 
panel, we have indicated the location of H +  gyro harmonic 
(dashed vertical lines) and lower hybrid resonance (LHR) 
(bold vertical line) frequencies. The gyro harmonics are 
derived from the rocket position and a model (International 
Geomagnetic Reference Field (IGRF), 1980) magnetic field, 
while the LHR frequencies are determined from the model 
magnetic field and STlCS ion species density measurements, 
in view of the cold plasma resonance condition [Sfix, 19621 for 
a two-component O+ - H+ plasma. Each of the four power 
spectra shown has distinct characteristics which may be 
related to the ion spectra observed and presented above. 

The spectrum in Figure 4a shows intense broadband wave 
emissions over the entire sampled frequency range, with no 
recognizable structure at either the H+ gyro harmonics or the 
LHR frequency. Typical cross-field and field-aligned separa - 
tions between the two payloads during this period were 3 m 
and 65 m, respectively. The main payload was magnetically 
connected to a region approximately 3 m from the beam 
source, where the beam density was still quite high and cou- 
pling to the ambient plasma was extremely strong. The broad- 
band waves at high intensity seen at this close distance are 
consistent with the predictions of Scales and Kinrner [ 1990a, 
b] when the effects of finite parallel propagation are consid- 
ered, as is the strong H+ and O+ heating. We note, however, 
that the electric field amplifier was in saturation during much 
of the interval displayed in Figure 3a and, in particular, during 
the interval displayed in Figure 4a. This may have masked 
features present in the real power spectrum. 

The spectrum shown in Figure 4d is also from a 100-eV 
beam event but at a location more distant from the beam 
emitting payload. Broadband noise is again observed over the 
entire sampled frequency range but at a lower amplitude than 
that observed closer to the gun payload (Figure 4a). Although 
we have uncertainty regarding the states of the automatic gain 
control on the electric field wave receiver, we estimate that 
the energy density in these waves is more than 2 orders of 
magnitude smaller than that observed during the first IOOeV 
event (Figure 4a). The several intense spikes seen below the 
LHR frequency are suggestive of hydrogen gyro harmonic 
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Figure 3. Frequency-time electric field spectrograms for four 10-s intervals during the ARCS-4 flight. 
These intervals include periods from (a) the first 100-eV beam event, (b) the second 200-eV event, (c) a 
beam-off period, and (d) the third 100-eV event. The data displayed are based on sliding 1024-point fast 
Fourier transforms (FFT) of measurements taken at intervals of 3 1.3 IS, providing a Nyquist frequency of 
15.97 kHz and a frequency resolution of 31.2 Hz. The 1024-point FFT window is moved 5 12 points for each 
successive transform, providing a spectrum every 16 ms. The data have not been corrected for automatic 
gain control function of the amplifier and are therefore plotted in relative units. 

1 
waves but are in fact at the wrong frequencies. These spikes 
are found at frequencies approximately equal to N*880 Hz ( 1 I 
N), while the H+ gyrofrequency at this time is near 750 Hz in 
the 0.5 G geomagnetic field at the rocket location. No reason- 
able value of geomagnetic field strength will yield a hydrogen 
gyrofrequency above 800 Hz at these altitudes. While it is 
tempting to assign this signature as due to hydrogen cyclotron 
harmonic waves, the fact that the spacing is so large remains 
unexplained. 

The spectrum in Figure 4c is from a beam-off period and 
shows naturally occurring auroral hiss [Bering et al., 19871, 

characterized by maximum power near the LHR frequency 
and severe attenuation below. Very little naturally occurring 
electric field wave power is observed in the low-frequency 
portion of the spectrum. Finally, Figure 4b shows the power 
spectrum of waves observed during a 200-eV beam event. 
Here, the broadband component of the spectrum looks similar 
to that of that of Figure 4d for the 100-eV case but without the 
strong enhancements at multiples of 880 Hz. Weaker harmonic 
structure is seen in this case, with peaks spaced by 264 Hz. 
The energy density in this spectrum is roughly an order of 
magnitude smaller than that in the spectrum of Figure 4d. 
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Figure 4. Individual power spectra of electric field fluctuations at four selected times during the ARCS-4 
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power spectra together. The four times shown are selected from the four spectrograms presented in Figure 3 
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Discussion 
We have presented ion distribution function and electric 

field wave observations obtained on the ARCS-4 main 
payload in the upper F region ionosphere, in the vicinity of an 
Ar' ion-emitting source located on the ARCS-4 subpayload. 
The two payloads moved apart from each other as the experi- 
ment proceeded, allowing measurements to be made at vary- 
ing distances from the ion source. Although the relative 
motion of the two payloads was primarily along the local 
magnetic field, there was a cross-field component to the 
motion. The 100- and 200-eV ion beams emitted from the sub- 
payload were directed across field lines. At any given time, 
the instrumented main payload sampled field lines which 
threaded the beam itself at a well-defined, cross-field distance 
from its source. Although no direct measurements of the 
ARCS-4 beam profile have been performed, measurements of 
sources of similar design flown on previous ARCS payloads 
have shown the beam to carry roughly 100 mA into a 30" (half 
angle) conical volume centered on the look direction of the 
source [Erlandson, 19841. These measurements also show the 
beam ion temperature close to the source to be of the order of 

i 
1 

50 eV. Using these numbers and neglecting the magnetic 
curvature of the beam ion trajectories, we may estimate the 
beam density, drift, and thermal velocity as functions of cross- 
field distance from the source. In conjunction with STICS 
measurements of the background plasma densities, an esti- 
mate of the Scales and Kintner [ 1990al beam plasma coupling 
parameter (z2) is provided (see ( I ) )  in an attempt to order the 
particle and wave observations. Such an estimate is shown in 
Figure 5.  Here we have plotted the coupling parameter versus 
ARCS-4 time after launch for the 100-eV and 200-eV beam 
cases. We have also indicated on the plot the occurrence of 
100-eV and 200-eV ion beam firings for the first few events, 
including those for which data have been presented above. 

From Figure 5 ,  we see that the value of z2 varied over the 
range of interest (from large to small, compared to 1) over the 
early course of the experiment. During the first 100-eV beam 
event, its value was large, decreasing from near 60 at the 
beginning of the event to near 10 when the gun was turned off. 
This is the period when main payload observations included 
heating of both the ambient O+ and H+ ions to near 3 eV and 
the extremely intense emission of broadband electric field 
waves over the entire 16-kHz frequency range was observed. 

f 
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Figure 5. Beam plasma coupling parameter (t2) plotted as a 
function of ARCS-4 time after launch for the 100-eV (lower 
curve) and 200-eV (upper curve) cases. The times when the 
argon ion beam was operating in either the 100-eV or 200-eV 
mode are indicated for the first seven of these events. The 
shaded vertical bars indicate 100-eV beam-on times, and the 
hatched vertical bars indicate 200-eV beam-on times. The 
numbers at the top of the bars indicate which beam event is in 
progress, for example, the second 100-eV event in progress 
between approximately 240 and 252 s after launch. 

This is the only event in which the O+ plasma component was 
affected by the beam. During this period, the broadband wave 
power was at least 2 to 3 orders of magnitude larger than at 
any other time during the experiment, providing electric field 
amplitudes large enough to trap the thermal O+ ions in the 
associated potential wells. These observations are consistent 
with the predictions of Scales Md Kinmer [ 1% b]. 

Subsequent 100-eV events, through the fifth, produced heat- 
ing, primarily of the H+ ions, as well as broadband wave emis- 
sions at distinctly lower amplitudes than the first l W V  
event. Large amplitude harmonic emissions, similar to those 
shown in Figures 3d and 4d, were observed sporadically 
through the first half of the flight during 100-eV events and 
occasionally during 200-eV events. However, these harmonic 
emissions were sporadic enough that they are not believed to 
be responsible for the observed H+ heating. Rather, the broad- 
band waves, which were always present during early events, 
are believed to be the responsible heating agent. After the fifth 
100-eV beam event the value of the coupling parameter 
dropped below 0.4 and no further heating of either species was 
observed, although broadband waves, over the entire 16 kHz 
experiment frequency range, were observed at the main pay- 
load during 100-eV events throughout the flight. 

In the case of the 200eV Ar+ beam, only during the first of 
these events was heating of the H+ ions observed to be 
comparable to that induced by the 100-eV beam injections. 
We note (Platele) that small temperature enhancements were 
seen in the H+ during the second through fourth firing of the 
200-eV Ar+ beam. In no case did the 200-eV Ar+ injections 
measurably perturb the background O+ distributions. These 
effects were predicted by Scales and Kintner [1990a, b] and 
are understood in terms of proximity to resonance (or lack 

thereof) through matching of the injected Ar+ ions' drift speed 
with the ambient species thermal speed, via the phase speed 
of destabilized waves. In the current case, taking 0.5 eV 
ambient perpendicular ion temperatures, the argon ion drift 
speed is in the ratio of 3: I and 2: I compared to the H+ thermal 
speed and 13: 1 and 9: 1 compared to the O+ thermal speed for 
the 200- and 100-eV beams, respectively. Given the large Ar+ 
beam temperature, there are a substantial number of Ar+ ions 
that satisfy a speed matching condition with thermal H +  ions, 
particularly for the 100-eV case, and relatively few which 
match the much slower 0' thermal speed. 

The value of the coupling parameter for the 200-eV beam 
exceeds that for a 100-eV beam at any given time. Nominal 
values of the coupling parameter at the observation times for 
the two spectra shown in Figures 4b and 4d were 1.3 for the 
100-eV beam (Figure 4d) and 2.8 for the 200-eV beam (Figure 
4b). Both cases resulted in broadband wave excitation and 
harmonic structure, as described above. Later in the flight, the 
100-eV events continued to produce broadband waves, 
although these eventually became limited to frequencies near 
and above the lower hybrid frequency and extended to the 16- 
kHz experiment Nyquist frequency. The waves produced by 
later 200-eV events took on a much more distinctly narrow- 
band character with emissions limited to the vicinity of the 
lower hybrid frequency. 

Conclusions 
On the basis of analysis of the distribution functions of O+ 

and H+ and the electric field frequency spectra, all measured 
at the ARCS-4 main payload as it moved away from the sub- 
payload, we have been able to draw several conclusions 
regarding the modification of the local plasma environment 
near the beam-emitting subpayload. These include the follow- 

1. Very near the subpayload, bulk heating of both ion 
species (to the order of 3 eV) occurs during loOeV Ar+ beam 
injections. During this interval, the beam-plasma coupling 
parameter of Scales and Kinrner [ 1990al is large (>IO). The 
ion heating is due to trapping in the large amplitude waves 
observed over the entire (0-16 kHz) frequency range of the 
electric field experiment, as predicted by Scales and Kintner 
[199Obl. 

2. During subsequent beam events, only the H+ ions are 
observed to be heated and these are heated more strongly dur- 
ing 100-eV events than during 200-eV events. The O+ ions are 
not measurably affected by beam injections after the first 
event. In these cases, the heating is again due to trapping in 
potential wells associated with the observed broadband waves. 
The O+ is not heated because in the frame of reference of the 
propagating waves the kinetic energy of the 0' is too large to 
allow trapping and energization. 

3. The 100-eV beam events couple energy more effectively 
into the H+ ions than the 200-eV events because the drift 
speed of the 100-eV Ar+ ions (22 km S-I) more closely 
matches the transverse thermal speed of the H+ ions (9.8 km 
s4 ) than does the drift speed of the 200-eV Ar+ ions (3 1 km 

ing: 

s-I ). 
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